TSH secreted from the pars distalis (PD) of the pituitary gland stimulates the thyroid gland. In contrast, TSH secreted from the pars tuberalis (PT) of the pituitary gland regulates seasonal reproduction. The ontogeny of thyrotrophs and the regulatory mechanisms of TSH are apparently different between the PD and the PT. Interestingly, fish do not have an anatomically distinct PT, and the saccus vasculosus (SV) of fish is suggested to act as a seasonal sensor. Thus, it is possible that the SV is analogous to the PT. Here we examined the ontogeny of the pituitary gland and SV using rainbow trout. A histological analysis demonstrated the development of the pituitary anlage followed by that of the SV. Lhx3 and Pit-1, which are required for the development of PD thyrotrophs, clearly labeled the pituitary anlage. The common glycoprotein ␣-subunit (CGA) and TSH ␤-subunit (TSHB) genes were also detected in the pituitary anlage. In contrast, none of these genes were detected in the SV anlage. We then performed a microarray analysis and identified parvalbumin (Pvalb) as a marker for SV development. Because Pvalb expression was not detected in the pituitary anlage, no relationship was observed between the development of the SV and the pituitary gland. In contrast to embryos, Lhx3, Pit-1, CGA, and TSHB were all expressed in the adult SV. These results suggest that the morphological differentiation of SV occurs during the embryonic stage but that the functional differentiation into a seasonal sensor occurs in a later developmental stage. (Endocrinology 156: 4238 -4243, 2015) M ost animals living outside the tropics measure changes in day length to breed at a specific time of year. This adaptive strategy is known as seasonal breeding and ensures that offspring are born only when climate is moderate and abundant food is available. In birds and mammals, the pars tuberalis (PT) of the pituitary gland plays a key role in the regulation of seasonal reproduction (1, 2). A long-day stimulus induces the expression of TSH in the PT. TSH is a heterodimer of the common glycoprotein ␣-subunit (CGA) and TSH ␤-subunit (TSHB). PT-TSH acts on TSH receptors localized in ependymal cells lining the ventrolateral walls of the third ventricle within the hypothalamus to induce type 2 deiodinase (DIO2) and reduce type 3 deiodinase (DIO3). DIO2 and DIO3 encode thyroid hormone-activating and -inactivating enzymes, respectively. Photoperiodic DIO2/DIO3 switching regulates the local bioactive thyroid hormone concentration within the hypothalamus (3), and the locally activated thyroid hormone causes morphological changes between the GnRH nerve terminals and endfeet of the glial processes for seasonal GnRH secretion (4).
M
ost animals living outside the tropics measure changes in day length to breed at a specific time of year. This adaptive strategy is known as seasonal breeding and ensures that offspring are born only when climate is moderate and abundant food is available. In birds and mammals, the pars tuberalis (PT) of the pituitary gland plays a key role in the regulation of seasonal reproduction (1, 2) . A long-day stimulus induces the expression of TSH in the PT. TSH is a heterodimer of the common glycoprotein ␣-subunit (CGA) and TSH ␤-subunit (TSHB). PT-TSH acts on TSH receptors localized in ependymal cells lining the ventrolateral walls of the third ventricle within the hypothalamus to induce type 2 deiodinase (DIO2) and reduce type 3 deiodinase (DIO3). DIO2 and DIO3 encode thyroid hormone-activating and -inactivating enzymes, respectively. Photoperiodic DIO2/DIO3 switching regulates the local bioactive thyroid hormone concentration within the hypothalamus (3) , and the locally activated thyroid hormone causes morphological changes between the GnRH nerve terminals and endfeet of the glial processes for seasonal GnRH secretion (4) .
A well-known function of the classical TSH in the pars distalis (PD) of the pituitary gland is to stimulate the thyroid gland for the production and secretion of thyroid hormones. PD-TSH is positively regulated by TRH and negatively regulated by thyroid hormone in a negative feedback loop. In contrast, the TRH receptor and thyroid hormone receptors are absent in the PT-thyrotrophs and PT-TSH is independent of the hypothalamus-pituitarythyroid axis (5) . PT-TSH is regulated by melatonin in mammals (6, 7) , and, thus, the regulatory mechanisms of PT-TSH and PD-TSH are apparently different. Recently the involvement of tissue-specific glycosylation in the functional targeting of these two TSHs has been demonstrated (8) .
Development of the pituitary gland has been extensively studied in mammals, and the transcriptional regulators involved in the differentiation of the pituitary gland have been identified (9, 10) . LIM homeodomain factor, LIM class of homeodomain protein-3 (Lhx3; also known as P-Lim or Lim3), is expressed in Rathke's pouch and controls the early phases of pituitary patterning (10) . pituitary transcription factor-1 (Pit-1), a POU domain protein, is required for the terminal differentiation of thyrotrophs as well as somatotrophs and lactotrophs (9) . Although both PD and PT thyrotrophs are Lhx3 dependent, PT thyrotrophs are independent of Pit-1 regulation (5, 10, 11).
Most fish living in temperate zones show clear seasonality in their reproductive activity. However, fish do not have an anatomically distinct PT. We have recently reported that the saccus vasculosus (SV) is the seasonal sensor in fish (12) . We observed photoperiodic changes in TSH and DIO2 in the SV and found that isolated SV also showed a photoperiodic response in vitro. The SV is a specialized circumventricular organ located in the caudal hypothalamus of many jawed fish (13) (14) (15) . Although a close developmental relationship between the neurohypophysis and caudal wall of the infundibulum has been reported (16), few investigations have been conducted regarding the development of the SV (17, 18) .
In the present study, we explored the ontogeny of the SV using rainbow trout (Oncorhynchus mykiss). We first analyzed the development of SV histologically. We then examined the expression of Lhx3, Pit-1, CGA, and TSHB in trout embryos but failed to find their expression in the SV. Therefore, we examined gene expression by microarray to identify an SV-specific marker. We also examined expression of the aforementioned genes in the SV of juveniles and adults.
Materials and Methods

Animals
Rainbow trout were obtained from Aichi Trout Farmers' Cooperative Association. Embryos were incubated under 12-hour light, 12-hour dark conditions (12 h light, 12 h dark) at a temperature of 10°C Ϯ 1°C. Because fish development varies, depending on the water temperature, age is not a suitable parameter for comparisons. Therefore, developmental stages were defined by body length in the present study. The developmental stages were defined as follows: embryos are 4, 5, 6, 8, 10, and 12 mm; hatched prolarvae are 14 mm; fry are 19 mm, juveniles are 80 mm; and adults are 250 mm. Male juveniles and adults were used, whereas sex was not determined in embryos, hatched prolarvae, or fry. This study was approved by the Animal Experiment Committee of Nagoya University.
Histology
Sagittal paraffin sections (7 m) of Bouin's and 4% paraformaldehyde-fixed brains were used for Nissl staining and in situ hybridization, respectively.
Gene expression analysis
In situ hybridization was carried out using 33 P-labeled oligonucleotide probes (Supplemental Table 1 ) as previously described (19) . Hybridization was carried out overnight at 42°C. Two high-stringency posthybridization washes were performed at 55°C. In the cases of embryos, hatched prolarvae, and fry, slides were dipped in type NTB2 autoradiography emulsion (Eastman Kodak) diluted twice with sterile distilled water and exposed for 1 month at 4°C. In the cases of juveniles and adults, slides were exposed to BioMax MR film (Eastman Kodak). Control sections were hybridized in the presence of excess unlabeled probes.
Microarray analysis
The SV from 100 fry of 60 mm were collected. We used a Salmon 4 ϫ 44K microarray (Agilent Technologies) for analysis. Total RNA was prepared using a QIAGEN RNeasy lipid tissue minikit. cDNA synthesis and cRNA labeling reactions were performed with a low-input Quick Amp labeling kit (Agilent Technologies). Hybridization, wash, staining, and scanning were performed using standard Agilent protocols. Data were analyzed using GeneSpring software (Agilent Technologies).
Results
Development of the pituitary gland and the SV
Cells fated to become the pituitary gland were morphologically distinct by the 4-mm embryonic stage ( CGA and TSHB are also not expressed in the SV during the embryonic stage
We next examined expression of CGA and TSHB during the development of the pituitary gland and SV. Expression of CGA was observed in the anterior half of the pituitary anlage in all of the examined embryos, whereas that of TSHB was detectable in the 12-mm embryo ( Figure  3) . In contrast to the pituitary anlage, no signal was observed for either CGA or TSHB in the SV during the embryonic stage (Figure 3) . Although we examined the expression of DIO2, DIO2 was not expressed in both the pituitary and SV anlages (Supplemental Figure 2) . No hybridization signal was observed in the control (Figure 3 ).
Identification of a marker for SV development
We next examined microarray analysis between SV and whole brain to identify a marker for SV development. We first sorted SV-abundant genes by signal intensity (Supplemental Table 2 ) and identified parvalbumin (Pvalb) as a top-ranking gene. When we analyzed the expression of Pvalb during SV development, we found its expression beginning in 6-mm embryos (Figure 4 ). Specific signal for Pvalb was detected in the SV (Supplemental Figure 3) , suggesting that Pvalb can be used as a marker for the SV development.
We also sorted SV-abundant genes by fold change and identified 23 genes that are involved in transcriptional regulation and morphogenesis (Supplemental Table 3 ). We conducted a comprehensive expression analysis of these genes using 14-mm embryos. Expression of all of these genes was not specific to the SV (Supplemental Figure 4) . It is possible that our in situ hybridization was not sensitive enough to detect differences. Because only a small amount of RNA was available from the SV, we pooled 100 SVs for the microarray analysis with only one biological replicate. Thus, our microarray analysis appeared to contain several false-positive results, even though we succeeded in identifying Pvalb as an SV marker.
Lhx3, Pit-1, CGA, and TSHB are all expressed in the adult SV Finally, we examined the expression of Lhx3, Pit-1, CGA, and TSHB in juvenile and adult fish. Expression of Lhx3 and Pit-1 was observed in both juvenile and adult SV ( Figure 5 ). Although the expression of CGA and TSHB was weak in juvenile SV, their expression was detected in the adult SV as in the case of previous report ( Figure 5 ) (12).
Discussion
Van de Kamer and Schuurmans (16) examined the development of the SV in the cartilaginous fish, Scyliorhinus caniculus, and reported that the saccus evagination is in close contact with the pituitary primordium, Rathke's pouch. They described that both tissues intimately fuse and form a mass in which the component elements are indistinguishable (16) . In the present study, we first examined the development of the trout SV by Nissl staining (Figure 1 and Supplemental Figure 1) . Cells fated to become the pituitary gland were detected by the 4-mm embryonic stage, whereas those fated to become the SV were detected in 6-mm embryos. Unlike S caniculus, fusion of the pituitary gland and SV was not observed in the trout (Figure 1) .
To better understand the ontogeny of the pituitary and SV, we next examined gene expression profiles. When we examined the expression of transcription factors Lhx3 and Pit-1 that are required for pituitary development, clear signals for both transcription factors were observed press.endocrine.org/journal/endoin the pituitary anlage ( Figure 2 ). We then examined the expression of CGA and TSHB. Although both CGA and TSHB were also observed in the pituitary anlage, the occurrence of CGA expression was much earlier (4 mm embryo) than that of TSHB (12 mm embryo) ( Figure 3 ). This temporal expression profile was consistent with the results from zebrafish (20) . In marked contrast to the pituitary gland, no expression from any of these genes was detected in the SV during the embryonic stage (Figures 2 and 3) . We next used a microarray to identify a marker for SV development. As a result, we found Pvalb as this marker (Figure 4 ). Although we observed marked expression of Pvalb in the SV anlage, its expression was not observed in the pituitary anlage, suggesting that Pvalb is a marker for SV development. Parvalbumin is a calcium binding protein (21) and is used as a marker for ␥-aminobutylic acidergic neurons (22, 23) . Parvalbumin is considered to have a buffering function in the fast-firing events taking place in ␥-aminobutylic acidergic neurons (22) (23) (24) . It is of note that parvalbumin immunopositive signals have been recently reported in the coronet cells of the Siberian sturgeon (24) and turbot (25) .
Our gene expression data did not demonstrate evidence for the fusion of the pituitary gland and SV that was reported in S caniculus. Huge species variations in the morphology of the SV have been reported (14) , and some fish (eg, zebrafish and medaka) do not even possess an SV. Therefore, the discrepancy between S and Oncorhynchus might be a species difference.
In addition to the embryonic stage, we examined expression of Lhx3, Pit-1, CGA, and TSHB in the SV and pituitary gland in juvenile and adult trout. Interestingly, the expression of each of these genes was detected in both the pituitary gland and SV in the adults ( Figure 5 ). These results, taken together, suggest that the morphological differentiation of the SV occurs during embryonic development, whereas the functional differentiation of the SV as a seasonal sensor occurs in a later developmental stage (eg, juvenile or adult). The question of when do most fish start to show clear seasonality is an interesting question to be answered in a future study.
Although we also tried to identify the transcription factors and/or growth factors involved in SV development by microarray analysis, we failed to find them in the present study. In mammals, the DNA-binding basic helix-loophelix transcription factor hairy enhancer of split 1 (Hes1) has been suggested to be involved in the development of the PT in Hes1-null mice (26) . However, Hes1 itself is rarely expressed in the PT. Therefore, extrinsic signals from the diencephalon may be important in the development of the mammalian PT (26) . It is of note that Hes family genes, including Hes1, were not detected in our microarray analysis (Supplemental Tables 2 and 3) . Thus, it appears important to identify the extrinsic signals that govern SV development in future studies to further understand the regulatory mechanisms of SV ontogeny.
